Two different types of extracellular protease activity were identified in the culture fluid of Phanerochaete chrysosporium wild-type BKM-F grown in submerged batch culture on N-limited media. The first activity, which appears to be inherent to the active growth phase, displayed a maximum on day 2 and decreased to a very low level on day 4. The second activity, which appeared at day 8 following the peak of ligninase activity, seems to be characteristic of late secondary metabolism and is stimulated by carbon starvation. Cultures started with half the amount of glucose of other cultures showed a remarkably earlier development of secondary activity. In contrast, the fed-batch addition of glucose started when ligninase activity was at a maximum (day 6) completely repressed secondary protease activity and enhanced ligninase production. The addition of exogenous veratryl alcohol increased the level of secondary protease activity, whereas the oxygen supply pattern significantly affected both the time course and the level of overall proteolytic activity. The addition of phenylmethylsulfonyl fluoride to growing cultures (0, 1, or 6 days) diminished overall protease activity, while it significantly enhanced ligninase activity. In all cases, the time courses of protease and ligninase activities were negatively correlated, indicating that protease activity promotes the decline of ligninase activity in batch culture.
The production of extracellular enzymes by the white rot fungus Phanerochaete chrysosporium, wild type and mutants, has been extensively studied over the last decade (4, 18) . A number of extracellular enzymes capable of cellulolytic, hemicellulolytic, or lignolytic activity have been reported (7, 8, 22) ; several of these enzymes may act synergistically (6) . Of the isolated and purified lignolytic enzymes, H202-dependent lignin peroxidase (ligninase) and Mn-peroxidase are the most widely studied and characterized (17, 25) . Ligninase was shown to play a major role in the oxidation of lignin-related model compounds (4, 17) .
Interestingly, even though the production of extracellular proteases is a common feature among fungi (24) in general and wood-degrading basidiomycetes (20) in particular, very little work has been done on this aspect of P. chrysosporium. Eriksson and Pettersson (9, 10) reported the purification and partial characterization of two acidic proteases in shallow stationary cultures of Sporotrichum pulverulentum (= P. chrysosporium, ME-446) grown on cellulose. These two proteases, isolated from 10-day-old cultures, were shown to play a role in the activation of the endo-1,4-,B-glucanases. However, no data on the effect of these proteases on the extracellular ligninase secreted by the fungus or their production and mode of action in shaken cultures with a soluble, noncellulolytic substrate were reported. Moreover, no data on the regulation of these proteases in either stationary or shaken lignolytic cultures of P. chrysosporium were reported.
The kinetic profile of ligninase activity in submerged batch cultures of P. chrysosporium with glucose as the substrate displays a relatively sharp maximum peak for most of the strains analyzed (4, 11, 12) . Tien and Tu (27) showed that when ligninase activity in the extracellular fluid decreases, the mRNA-ligninase still tends to increase. Faison and Kirk (11) showed that although ligninase activity begins to de-* Corresponding author.
crease after maximum activity is reached, the lignolytic activity (14CO2) still increases in carbon-limited cultures of P. chrysosporium. Tonon and Odier (29) reported that veratryl alcohol enhances the ligninase activity of P. chrysosporium, protecting it against inactivation by endogenous H202. Whether enzyme inactivation or degradation of the protein structure of the enzyme is the major reason for the rapid loss of ligninase activity in batch culture remains uncertain.
The present study describes the kinetics of two stages of an extracellular, acidic, proteolytic activity found in submerged batch cultures of P. chrysosporium. Of these two activities, one appeared in the growth phase and the other was found in the late metabolic phase of lignolytic or nonlignolytic cultures. The Chemicals. All chemicals used were of reagent grade. Oxygen gas was of medical-grade purity.
RESULTS
Effect of initial glucose concentration. The kinetics of extracellular enzyme formation in N-limited cultures was characterized with three different initial glucose concentrations. The time courses (Fig. 1) of protease, ligninase, and Mn-peroxidases and of total extracellular protein were studied with 5, 10, and 15 g of initial glucose per liter. The results suggest that the production of secondary proteolytic activity (Fig. la) as well as the onset of the decay of the lignolytic system is regulated by the remaining glucose concentration (Fig. lb and c and Fig. 2 ). Indeed, in the cultures started with 5 g of glucose per liter, a remarkably earlier development of secondary protease activity was found (Fig. la) . Moreover, an increase of extracellular protein during the late metabolic stage was found to occur earlier for cultures with 5 g of initial glucose per liter than for those with higher glucose concentrations (Fig. ld) , suggesting autolysis of aged cells due to the effect of the proteolytic or other enzymatic activity. With 15 g of initial glucose per liter, there was a clear delay in the onset of secondary protease activity (Fig. la) , while ligninase activity lasted longer (Fig. lb) . The glucose consumption rate and nitrogen uptake (data not shown) were practically identical during days 1 and 2 of the growth phase regardless of the initial glucose concentration. Furthermore, the glucose consumption rates were similar regardless of the initial substrate concentration (notice the nearly parallel slopes on Fig. 2 ). An Effect of glucose addition. To test the regulatory influence of the remaining glucose concentration on both protease and ligninase, the effect of fed-batch glucose addition, initiated when ligninase activity reached its maximum, was compared with that of the standard procedure. The results for no glucose addition and glucose addition are shown in Fig. 3a and b, respectively. Daily glucose addition, based on an average glucose consumption rate of 1.3 to 1.5 mg/ml per day, completely repressed the protease and simultaneously kept the ligninase near its highest activity from days 6 to 11. During the period of addition, the cultures had practically a constant glucose concentration (Fig. 3b) (Fig. 4c) . In each case, the extracellular protein content followed the ligninase profile during the lignolytic stage (Fig.  3 The addition of veratryl alcohol (Fig. 4 ) temporarily increased ligninase production (Fig. 4a) when there was enough glucose without any effect on protease activity up to day 7 (Fig. 4b) . Then there was a sudden decrease in ligninase activity (Fig. 4a) after a rapid increase in secondary protease activity (Fig. 4b) . On the other hand, the combined addition of veratryl alcohol and glucose from day 6 stabilized ligninase activity at a value exceeding that resulting from the addition of veratryl alcohol alone (Fig. 4a) . Furthermore, this combined addition and the addition of glucose alone repressed secondary proteolytic activity to similar extents, thus giving another clear indication of the direct involvement of glucose in the regulation of secondary proteolytic activity (Fig. 4b) . As pointed out for the addition of glucose, the addition of combined glucose and veratryl alcohol had a similar stabilizing effect on the Mn-peroxidase activity (Fig.  4c) taneously regulated by the concentration of the remaining glucose, the addition of a specific protease inhibitor, PMSF, was studied. PMSF has been reported to be noninhibitory to ligninase activity in crude extracellular fluid (25) . To test its effect on growing cultures, 0.1 mM concentrations were added at three different stages of the cultures: inoculation (prior to pellet formation), day 1 (following pellet formation), and day 6 (following the maximum of ligninase). The results show that the additions of PMSF at days 0 and 1, which inhibited the primary and secondary proteolytic activities (Fig. 5a ), significantly enhanced ligninase production and prevented its decay (Fig. Sb) and considerably affected the time course of Mn-peroxidase activity (Fig. Sc) . A lag of 1 day in the onset of the lignolytic system was observed after the addition of PMSF during the growth phase. This lag probably indicated some temporary growth inhibition effect. Whether PMSF remained intact or was degraded with time is not known. Stronger protease inhibition (Fig. Sa) , lower glucose consumption (Fig. Sd) , and higher ligninase production (Fig. Sb) were found when the inhibitor was added at the beginning of culture instead of after the lignolytic system was established. When PMSF was added on day 6 , it inhibited secondary protease activity and stabilized Mnperoxidase and ligninase activities beyond 6 days. The effect of primary proteolytic activity on either the growth phase or the lignolytic stage is still unclear, but when this activity was delayed or partially suppressed, it significantly affected the time course and extent of ligninase activity.
Effect of oxygenation conditions. Since 02 is necessary to TIME (days) FIG. 5 . Effect of PMSF addition to growing cultures of P. chrysosporium BKM-F on protease (a), ligninase (b), Mn-peroxidase (c), and glucose (d). Symbols: C, control without addition; *, addition at inoculation; A, addition after 1 day; 0, addition after 6 days. PMSF was added to a final concentration of 0.1 mM. support the lignolytic system, different methods of oxygen supply, which establish different environments, were tested. The effects of these different environmental conditions on the development of the proteolytic and lignolytic activities are presented in Table 1 . These results show that increased oxygenation simultaneously increased protease activity, decreased ligninase activity, and increased the glucose consumption rate. Increased 02 supply also increased (about three times) secondary protease activity more significantly than primary protease activity, which was in line with the corresponding increase in glucose consumption.
DISCUSSION
A clear dependence of either secondary proteolytic activity or the extent of the lignolytic phase on the level of glucose remaining (below 10 mM) was observed after cultures were initiated with different glucose concentrations. Remarkably, the times of appearance as well as the levels of maximum primary proteolytic activity were practically identical regardless of the initial glucose concentration. Furthermore, since the glucose concentration was the sole component modified in the media, one can assume the same N limitation in all cases. This behavior suggests that the establishment of this primary activity is independent of the glucose concentration or, in other words, is growth related.
The effect of the fed-batch addition of glucose indicated that both ligninase and secondary protease activities were regulated by the glucose concentration. There are indica- higher levels of secondary protease activity and lower levels of ligninase activity. The addition of veratryl alcohol at day 6 and beyond gives an example of the development of protease activity under conditions stimulatory for ligninase production. Our results were consistent with previous reports (1, 12, 29) that veratryl alcohol stimulates or protects ligninase production. However, the combined addition of glucose and veratryl alcohol stabilized ligninase activity for days at a level corresponding to the maximum reached by the addition of veratryl alcohol alone. In this case, the repressive effect on protease activity was similar to that of the daily addition of glucose. This behavior indicates that the development of protease activity during the late stage of lignolytic cultures of P. chrysosporium is regulated by the amount of glucose present in the medium.
The effect of the addition of PMSF to growing cultures shows that inhibiting the early development of proteolytic activity enhances the time course of lignolytic activity. The direct effect of primary protease activity in the development of ligninase activity is not known. Our results show that inhibiting primary protease (as in the case of PMSF addition) or promoting it (as in the case of an increase in the 02 supply) enhances or depletes ligninase activity, respectively. While primary proteolytic activity seems to be involved in the growth process, the role of secondary activity is in line with the general phenomena of autolysis displayed by fungi (9) under conditions of nutrient starvation. Indeed, the rise in protease activity in this work occurred after the complete depletion of glucose, denoting starvation conditions. The pronounced increase in extracellular protein found in cultures grown on 5 g of initial glucose per liter and incubated over the period of the lignolytic phase also supports this assumption.
The proteolytic activity identified in the present work is probably related to the acidic proteases reported by Eriksson and Pettersson (9, 10) for the ME-446 strain grown on cellulose. Interestingly, they observed that the increase in protease activity was followed by rapid lysis of the fungal cell wall and an increase in endoglucanase activity. However, since glucose was used as the substrate, endoglucanase activity was completely repressed in our work; thus, the role assigned to these proteases may have to be reconsidered in the absence of cellulase activity. The fact that the addition of a specific protease inhibitor keeps both ligninase activity and extracellular protein at their maximums during our experiments suggests the involvement of the protease in the development and decay of ligninase in batch cultures. Furthermore, the good qualitative correlation between extracellular protein and ligninase obtained not only during the onset and development of the lignolytic system but also during its decay supports this assumption. Hellebust et al. (14) reported the activity of an exoprotease in Staphylococcus aureus that was responsible to some extent for the degradation of extracellular growth-related protein A. They reported findings, similar to ours, that the development of protease activity started after product formation and disappeared after prolonged incubation.
A similar picture for the involvement of protease in the lignolytic cultures of P. chrysosporium was found for mutant strain SC-26 (data not shown). Generally, all cases of protease inhibition or repression in the mutant strain led to a more significant enhancement and stabilization of ligninase than in the wild type.
The data presented above indicate the involvement of protease and the factors regulating it in the regulation of ligninase activity in submerged batch cultures of P. chrysosporium grown in nitrogen-limited media. The 
